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Abstract
One of the most important aspects in railway operation is the interaction between rail and
wheel. The contact patch between these two components is around the size of a small coin,
and since high loads act on this small area, stresses will give rise to wear and damage on
both components. Frictional forces in the surface of wheels and rails caused by recurring
train acceleration, braking, curving and occasional slippage can cause cyclic plastic
deformation and heating, which in turn causes an aligned, anisotropic microstructure with
altered mechanical behaviour. Control of material property degradation is an important
topic for guiding maintenance, as well as ensuring safety, reliability and sustainability of
railways, since it will allow for a more accurate prediction of material wear and lifetime.
The thesis focuses on the mechanical properties of railway wheel and rail steels after
exposure to elevated temperatures and plastic deformation. Speciﬁcally examined are the
carbon wheel steels, UIC ER7T and ER8T (∼0.55 wt.% C) and rail steel R260 (∼0.72
wt% C). During their service life, the surface layers of rails and wheels are subjected to
very high rolling contact loads. These lead to accumulation of large shear strains close
to the running surface. Moreover the high thermal loads that wheels experience when
block brakes are used can cause severe degradation of the material microstructure, more
speciﬁcally spheroidisation of the pearlite, which combined with plastic deformation (that
makes the material more prone to spheroidisation) can lead to severe deterioration of the
material’s mechanical properties. Both un-deformed and pre-strained wheel materials were
heat treated at various temperatures from 250◦C to 600◦C for various durations, and the
change in room temperature hardness was analysed. Additionally, Electron Backscatter
Diﬀraction Analysis (EBSD) was used to evaluate if orientation gradients in the pearlitic
colonies aﬀect the spheroidisation of the pearlitic microstructure, that is observed at higher
temperatures. Uniaxial (tension-compression) and biaxial (including torsion) low cycle
fatigue tests were performed to study the behaviour of R7T and R8T material at diﬀerent
temperatures. The inﬂuence of hold times as well as the ratcheting behaviour with mean
stress eﬀects were also studied. Virgin rail material was twisted using a biaxial machine
to various shear strain levels to create a microstructure representative for the surface layer
observed in ﬁeld samples. The microstructure was characterised using scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and hardness measurements.
The results showed that wheel material hardening due to strain ageing takes place at
around 300◦C, while microstructural degradation caused softening at higher temperatures.
Spheroidisation of the pearlite started to become visible at 450◦C for the un-deformed
material and at around 400◦C for the pre-strained. The spheroidised areas appear to have
lost their initial orientation gradients after spheroidisation, and obtain a more uniform
orientation. Cyclic tests at elevated temperature revealed cyclic hardening at around
300◦C, as an eﬀect of dynamic strain ageing. At higher temperatures, cyclic softening
followed due to a combination of increasing thermal activation and spheroidisation. Biaxial
testing showed a more severe eﬀect of strain hardening and shorter fatigue life. For the
rail material, the dislocation density was found to increase with increasing shear strain.
The ﬂow stresses calculated using microstructural parameters such as dislocation density
and interlamellar spacing of the pearlite seem to agree well with those evaluated from
hardness measurements.
Keywords: Low cycle fatigue (LCF); Multiaxial fatigue; Hardness; Thermal eﬀects;
Spheroidisation; Pearlite; Wheel steels; Rail steels; EBSD; TEM;
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Part I
Extended Summary
1 Introduction
1.1 Motivation
One of the most important aspects in railway operation is the interaction between rail
and wheel. If one takes into account that each railway wheel is loaded with a static
weight of up to 12.5 tonnes, and that the contact patch between these two components
is around the size of a small coin, it is clear that very high loads act on a very small
area, that in combination with other factors, give rise to wear and damage in both
components. Frictional forces on the surface of wheels and rails caused by recurring
acceleration, braking, curving and occasional slippage can cause cyclic plastic deformation
and heating, which in turn causes an aligned, anisotropic microstructure with altered
mechanical behaviour. Control of material property degradation is an important topic
for guiding maintenance, as well as ensuring safety of railways, since it will allow for a
more accurate prediction of material wear and lifetime. The railway industry still relies
on steels for the manufacturing of wheels and rails. Carbon steels or low alloy steels with
a mostly pearlitic microstructure are the dominating materials for these applications,
due to their combination of high strength and good wear properties in relation to cost.
Heat treatment procedures can give wheel materials a near pearlitic microstructure with
ﬁner pearlite closer to the wheel tread surface and favorable residual stress distribution.
Rails are typically made from steels with slightly higher carbon content, heat treated to
a fully pearlitic microstructure. Bainitic microstructures have been tried out for both
wheel and rails and put into service, but still the pearlitic grades strongly dominate the
market. It is of critical importance to study the material microstructure and understand
how it performs under a complex combination of mechanical and thermal loadings and
how this microstructure is aﬀected by all the various factors that come into play in
service. Understanding how railway materials behave is essential for materials selection
for diﬀerent environments, design of railway components, as well as tuning of traction
and braking systems.
1.2 Aim and scope of research
This thesis focuses on the deterioration of microstructure and mechanical properties of
railway wheel and rail steels after exposure to high temperatures and plastic deformation.
Speciﬁcally examined, were the medium carbon wheel steels UIC ER7T and ER8T (∼0.55
wt.% C) and rail steel R260. During their service life, the surface layers of rails and wheels
are subjected to very high rolling contact loads. These lead to accumulation of large shear
strains close to the running surface (see e.g. [1, 2]). Moreover the high thermal loads,
especially for wheels, can cause severe degradation of the material microstructure, more
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speciﬁcally, spheroidisation of the pearlite, which combined with plastic deformation (that
makes the material more prone to spheroidisation) can lead to severe deterioration of the
material’s mechanical properties. The sensitivity towards degradation processes and crack
formation is dependent on material chemical composition and starting microstructure.
The aim of this work is to help judging limits for utilisation of wheel and rail materials,
with respect to combined cyclic mechanical and thermal loadings. The focus in this project
was to quantify the changes in mechanical performance of pearlitic and near-pearlitic
railway steels exposed to both separate and combined mechanical and thermal loadings
up to 650◦C.
Since railway wheels are exposed to block braking in freight trains operation, high
temperatures are evolving, so relevant testing conditions are necessary to understand their
behaviour. This was done by ﬁrst investigating the changes in room temperature hardness,
that are induced by thermal degradation with and without prior plastic deformation. A
microstructural evaluation was made to correlate results from hardness testing with the
microstructural degradation, and to examine microstructure variations with depth below
the running surface. The elevated temperature performance was studied by uniaxial
low cycle fatigue experiments followed by axial-torsional fatigue experiments. Both
were performed at high temperatures and results were correlated afterwards. The study
complements the literature about mechanical behaviour of near-pearlitic wheel steels
exposed to combined thermal and mechanical loadings and provides a better understanding
and quantiﬁcation of how the material properties will vary with depth below the wheel
tread; an important issue since material at larger depth becomes exposed to surface
loadings after wheel reproﬁling during maintenance. EBSD was used in an attempt to
evaluate the inﬂuence of orientation gradients (according to literature correlating with the
dislocation density) on the degradation of microstructure, and to examine how it changes
with increasing heat treatment temperature.
For the rail material, a predeformation method to replicate the microstructure that is
found in the surface layer of rails was developed in another Charmec project [3] and the
studies presented in this thesis are focused on evaluating how well this artiﬁcially created
microstructure corresponds to the one seen in samples retrieved from the ﬁeld. Then
an eﬀort to fully characterise this microstructure was made by correlating dislocation
density in the material with various shear strain levels that are produced with the above
mentioned predeformation method.
2
2 Background
2.1 Railway operation conditions
Axle loads for passenger trains in Europe vary between 15-25 tonnes [4] and can go even
higher when it comes to freight trains. A typical wheelset that should carry this load is
shown in Fig. 2.1. The contact patch for a standard proﬁle rail and wheel (and 11 tonnes
contact force) is elliptical with 18 x 11 mm for the major and minor axis of the ellipse [4].
If the wheel is worn, the shape becomes more circular due to the wheel proﬁle becoming
more conformal and thus a small change in lateral position with respect to the rail occurs.
When the dynamic eﬀects and tractive forces are added, it becomes evident that very high
demands are put on the materials selected for these components. Moreover, higher speed
and load demands from the railway industry increase the requirements on the material
quality of wheels and rails. Another important aspect of railway operation is regular
maintenance. The service life of a wheel can vary between 300.000 and 2.500.000 km and
during this lifetime, two to ﬁve reproﬁlings are necessary to remove surface defects and
cracks that might have appeared. This procedure exposes new material on the surface of
the wheel that has slightly diﬀerent properties than the original surface [4]. Control of
material property degradation in wheels is an important topic for guiding maintenance,
to minimise life cycle cost and ensuring safety of railways.
Figure 2.1: A typical wheelset
The areas of the wheel that are aﬀected the most during operation are the ﬂange, the
ﬂange root and the tread and for the rail the running surface, gauge corner and gauge
face, see ﬁgure 2.2.
Wear is the main issue for the ﬂange and the ﬂange root but for the tread, in addition
to wear, there is also crack development that is often denoted rolling contact fatigue
(RCF) and thermal loading coming from frictional heating. Frictional forces arise in the
wheel-rail contact and in the case of block braking, also in the contact between block
and wheel. In practice temperatures over 500◦C can be achieved [5] during pronounced
block braking. Even higher temperatures up to approximately 1050◦C can be reached
on occasional slippage when the wheels skid along the rail for a short time [6, 7]. This
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Figure 2.2: Typical geometry and nomenclature of parts of the wheel rim and rail head
causes phase transformation to austenite in the steel, often resulting in brittle martensitic
patches on the wheel tread that can lead to spalling and other problems. Due to the
volume change from this phase transformation residual compressive and tensile stresses
are induced in the material that make it prone to cracking when additional load is applied
[8]. Although traction control systems in passenger trains have improved during recent
years, reducing thermal events, on freight trains that still operate on simpler designs and
carry higher axle loads, these phenomena are present to a higher extent. These high
temperature phenomena up to 700◦C often cause microstructural changes that cause
the mechanical properties of the material to deteriorate signiﬁcantly. In the outermost
millimeters of the wheel tread, the material also experiences large deformation and plastic
ﬂow due to creepage. This makes it even more prone to spheroidisation [9].
For the rails, large shear strains close to the running surface and alignment of mi-
crostructure due to deformation are the main causes of crack initiation. Rolling Contact
Fatigue (RCF) is also present and is one of the main sources for maintenance costs for
the railway industry [10, 11].
The following sections in this chapter will describe the microstructural related phe-
nomena that occur in wheel and rail material when exposed to high temperatures and
mechanical loads.
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2.2 Materials for railway wheels
The most common wheel materials used for rolling stock today are carbon steels with
around 0.5 wt% carbon, heat treated to give a near-pearlitic microstructure close to the
tread surface. Diﬀerent standards and steel designations exist around the world, shown
on table 2.1 [12, 13].
Table 2.1: Wheel materials used for rolling stock
Speciﬁcation Steel grade Carbon content(%)
EN13262
ER6 ≤ 0.48
ER7 ≤ 0.52
ER8 ≤ 0.56
ER9 ≤ 0.60
AAR
M-107/M-208
Class L ≤ 0.47
Class A 0.47-0.57
Class B 0.57-0.67
Class C 0.67-0.77Class D
JIS E 5402-1 SSW
QS
0.60-0.75QR
QRH
There are two grades that are mostly used on trains in Europe; the ER7 grade is the
dominating grade on freight trains and on many passenger coaches using block braking,
while the ER8 grade with slightly higher carbon content is often used for passenger trains
with driven wheels, so called EMUs (Electric multiple units) [14]. In production, after
forging and rolling, wheels are rim chilled; a heat treatment yielding a microstructure
consisting of ﬁne pearlite with some 5-10 vol.% pro-eutectoid ferrite just below the wheel
tread [15]. After this heat treatment the letter "T" is added to the designation, so in this
thesis the commonly used names R7T and R8T will be used.
2.3 Materials for rails
The most common rail materials used are medium and high carbon steels heat treated to
give a fully pearlitic microstructure without or with forced cooling of the rail head, "head
hardening". Besides carbon content, the rail grades are usually also speciﬁed depending
on their hardness level. Some bainitic grades are also available for use in speciﬁc situations.
Diﬀerent standards and rail steel designations exist around the world, shown on table 2.2
[16, 17].
The grades with the lower carbon contents are used for normal track and the higher
alloyed and heat treated grades are used in switches, crossings and curves since more
severe conditions are encountered in the latter cases [18].
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Table 2.2: Rail materials
Speciﬁcation Steel grade Carboncontent(%)
Hardness
(BHN) Description
EN
13674-1
R200 0.40-0.60 200-240 Non-heat treated
R220 0.50-0.60 220-260 Non-heat treated
R260 0.62-0.80 260-300 Non-heat treated
R260Mn 0.55-0.75 260-300 Non-heat treated
R350HT 0.72-0.80 350-390 Heat treated
R400HT 0.90–1.05 400-440 Heat treated
UIC
860-O
700 0.40-0.60
900A 0.60-0.80
900B 0.55-0.75
1100 0.60-0.82
2.4 Morphology and formation of pearlite
Pearlite is a two-phase structure formed during diﬀusional transformation from Fe-C
austenite, with a chemical composition of Fe ∼0.77 wt% C. It grows from a number of
nuclei that exist in the austenite grain boundaries [19]. These nodules grow until they
ﬁnally meet with each other. The nodules are built from pearlite colonies consisting of
alternating lamellae of ferrite (Fe) and cementite (Fe3C) with a single orientation (Fig.
2.3). In steels with similar hypo-eutectoid composition (lower C content), free ferrite
formed before the eutectoid pearlite formation, thus called "pro-eutectoid ferrite" is also
present in the microstructure.
Figure 2.3: Sketch of pearlite formation
The transformation temperature determines the resulting interlamellar spacing, con-
trolled by the carbon diﬀusion rate. Thus, it can be manipulated using speciﬁc heat
treatments depending on the chemical composition of the material. Heat treatments that
employ rapid cooling have the ability to delay the transformation temperature to lower
temperatures, which in turn results in larger volume fraction of pearlite (with slightly
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hypo-eutectoid composition) and a reﬁned lamellar structure [20]. The nodule size is
aﬀected by the prior austenite grain size but has little eﬀect on interlamellar spacing
[21]. It was also shown that colonies within the same nodule have a similar interlamellar
spacing [22].
2.5 Dislocation motion theory
Deformation in crystalline solids occurs with the generation, movement and accumulation
of dislocations under an externally applied stress. Dislocation movement is limited
by internal stress ﬁelds from diﬀerent kinds of obstacles. The mobility of dislocations
thus depends on thermally activated processes like by cross-slip and climb that enable
dislocations to circumvent the obstacles [23]. The velocity with which they move depends
on the rate they are able to overcome these obstacles [24]. For pure metals, the main
obstacles are stress ﬁelds from other dislocations, but for alloys where atoms of diﬀerent
elements are in solid solution, there are signiﬁcant contributions from other sources as
well [25]. The level of thermal activation that is necessary to overcome an obstacle is
diﬀerent depending on the kind of obstacle, since these can have diﬀerent strength or
spacing between them [26]. Two regions exist for the dependence of the dislocation velocity
with respect to stress and temperature. The ﬁrst concerns low velocities and follows an
Arrhenius-type behaviour, i.e. it increases with temperature and the second concerns
higher velocities where the temperature dependence is reversed. Only in the ﬁrst region,
dislocation motion is thermally activated [25, 27].
2.6 Strength of pearlite
Increasing the carbon content increases the steel’s strength, often at the expense of fracture
toughness. More speciﬁcally, for steels near the eutectoid composition with some free
ferrite present, the interlamellar spacing is associated with controlling strength, whereas
the ferrite phase governs ductility [28]. Reﬁnement of the interlamellar spacing limits the
dislocation movement, which mainly occurs in the ferrite lamellae, and eﬀectively increases
the steels’ strength. Reﬁnement can be accomplished by lowering the transformation
temperature (by controlling the cooling rate). The strength of pearlite follows a Hall-Petch
type relationship:
σy = σ0 + κyS
− 12 (2.1)
where S denotes the interlamellar spacing and σy is the yield stress. The material
constants σ0 and κy are used for the necessary stress for dislocation movement in the
ferrite (also called friction stress) and the strengthening coeﬃcient (or dislocation locking)
respectively [15, 29, 30]. The yield strength of pearlite is mainly dependent on the
interlamellar spacing and is independent of prior austenite grain size or nodule diameter
[28].
The fact that the interlamellar spacing decreases as transformation temperature
decreases is more pronounced with increasing carbon content. Also the less the carbon
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content of pearlite, the larger the interlamellar spacing according to Bae et al. [31]. It
was found that the carbon content is more inﬂuential than interlamellar spacing or prior
austenite grain size, when it comes to ductility.
When it comes to hypo-eutectoid steels, it was reported [32] that the strength of
pearlitic colonies did not follow a Hall-Petch type relationship based on interlamellar
spacing and varied even though the interlamellar spacing was kept constant. This was
attributed to the inﬂuence of hydrostatic stresses due to the presence of the free ferrite
phase; the diﬀerence in thermal expansion causes stresses of opposite nature in the two
phase constituents of the microstructure (compressive hydrostatic stresses in the ferrite
and tensile in the pearlite).
A very important consideration when it comes to pearlitic steels is how the lamellar
microstructure interacts with the dislocations when the material is subjected to external
loadings, either monotonic or cyclic. The density of dislocations that are produced during
cyclic loading is much higher than the amount that is produced at monotonic loading
for similar stress levels. Moreover, during a monotonic test reaching larger strains, slip
planes are rotating towards the tensile axis, which is not the case for fully reversed cyclic
loading [33]. According to the model proposed by Miller-Smith [34] dislocations pile up on
the interface between cementite and ferrite. Stress concentration eventually leads to the
fracture of the cementite lamellae and plastic deformation continues in the neighbouring
ferrite lamellae. Strain localisation happens only on a few glide planes.
Based on the above assumption that dislocation sources exist on the interface between
cementite and ferrite in a local micro yield region, the yield strength of pearlite depends
on the necessary stress to move dislocations in ferrite between two cementite walls,
thus it increases with the reﬁnement of the interlamellar spacing which in turn leads to
strengthening of the material [35].
2.7 Pearlite spheroidisation
At exposure to temperatures approaching the α − γ transformation line (AC1), an
increasing microstructural degradation occurs. According to common heat treatment
practice, depicted within a binary iron-carbon phase diagram (Fig 2.4), there exists a
distinct zone where spheroidisation occurs. Initially the pearlite lamellae start to break up
and then coarsen until we get closer to AC1, where cementite lamellae turn into spheroids
(Fig 2.5). Exposure to high temperatures for longer times is known to cause softening of
the material [15]. It was also found that longer time durations cause more pronounced
spheroidisation [36].
As the pearlitic lamellar structure is never perfect in reality, there are always morpho-
logical growth faults, that exist such as holes, kinks, striations, etc. Previous studies have
shown that break-up of the lamellae during static annealing happens at regions of such
growth faults that were generated during the initial formation of the pearlite. Spheroidis-
ation can also initiate from these faults and expansion of such holes and thickening of
the lamellae occurs [38, 39]. This continuous growth leads to break-up of large cementite
platelets into small particles and then these small particles evolve into spheroids. The
driving force is the chemical potential gradient between faults with various shapes and
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Figure 2.4: Phase diagram of the iron-carbon system (up to 1.6 wt.% C) calculated using
Thermo-Calc with ﬁelds indicating typical heat treatment temperatures re-drawn from
ASM handbook [37]
the neighbouring interfaces. In a 2D image the onset of spheroidisation appears as a
coarsening in the lamellar thickness [39].
Moreover, with the addition of cold work, cementite lamellae break and step bands
are created in some of the pearlite colonies that can initiate spheroidisation. In cases of
hot deformation, preferential break-up sites are created by dislocation structures and are
believed to accelerate spheroidisation by providing short circuit paths for diﬀusion. In
addition, extra vacancies are being generated, because of the deformation that increase
diﬀusion rates of carbon and iron [9].
For temperatures far below the α−γ transformation line (AC1), damage appears more
slowly.
Given the above theoretical background, an attempt to connect this to railway wheel
material degradation was made. Previous investigations combining low cycle fatigue
loading and elevated temperatures have shown a cyclic hardening at 300◦C and cyclic
softening at higher temperatures for virgin material ER7 [40, 41]. The change in room
temperature (RT) hardness after exposure to elevated temperatures between 500◦C up to
725◦C was also studied before for the ER8 grade [15]. It was also shown that the two
grades, ER7T and ER8T, behave similarly under cyclic loading with respect to hardening
and softening and only diﬀer in stress levels due to the slight diﬀerence in carbon content.
2.8 Strain ageing and Dynamic strain ageing
Strain ageing in metals refers to the time dependent phenomenon of impeding dislocation
motion by segregation of mobile solute atoms. By diﬀusing to positions around dislocations
where atoms ﬁnd a low energy position, and thus decrease the local stress level, these
9
(a) (b)
Figure 2.5: Scanning electron micrographs of pearlite microstructure after heat treatment.
(a) Initial lamella break up, and (b) complete spheroidisation.
have the ability to temporarily arrest dislocations [42]. According to Cottrell-Bilby theory
[43] it is a two-step process, with the ﬁrst step being the rearrangement of interstitials
and formation of solute atmosphere around dislocations and the second is the formation
of discrete clusters or precipitates [44]. In iron based alloys and more speciﬁcally, carbon
steels, this phenomenon is associated with interstitially dissolved atoms of carbon and
nitrogen during deformation [45]. There are two types of strain ageing; static strain ageing
and dynamic strain ageing. Static strain ageing refers to the increase in yield stress that
is observed in alloys when a specimen is strained to a certain level, then unloaded fully or
partially and aged for a speciﬁc amount of time. After the ageing treatment, if strained
to the same level as before, an increase in tensile strength will be observed. Further, in
steels, static strain ageing causes the appearance of an upper and lower yield point and
decreases the total elongation of the material [44].
In dynamic strain ageing (DSA), the dislocations are pinned at obstacles repeatedly
during the straining process at high temperature, for example, during a cyclic test at high
temperature [46] or during a monotonic test. During such a test dislocations surmount
obstacles with the combined help of stress and thermal activation. Dislocations segments
are arrested for a certain amount of time until they overcome the obstacle and then go
to the next one with a higher velocity. The movement of solute and interstitial atoms
by diﬀusion to the dislocations during this waiting time is called dynamic strain ageing
or Portevin-Le Chatelier eﬀect (PLC) [47]. This gives a serrated ﬂow stress curve, seen
in a tensile test with a suitable combination of temperature and strain rate. DSA is
responsible for the increased hardening that is observed during a cyclic fatigue test within
a parameter window, where strain rates and temperatures are producing this eﬀect for
the speciﬁc material and condition. So for both static and dynamic strain ageing, the
evolution of dislocation density has a large inﬂuence on the strain ageing process [46].
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2.9 Dynamic strain ageing in low cycle fatigue tests
Fatigue life for a given stress amplitude and mean stress typically decreases with increasing
temperature [48]. When a material is subjected to a low cycle fatigue (LCF) experiment
at an elevated temperature and at a low frequency, time-dependent processes such as
creep, oxidation and dynamic strain ageing inﬂuence its mechanical behaviour (stress
response including cyclic hardening) and fatigue life [49]. Dynamic strain ageing shows
during a LCF test as serrations, sudden load drops, jerkiness or other discontinuities
in the stress strain curve that gives it the ‘staircase’ type appearance. Serrated ﬂow in
cyclic tests can occur at lower temperatures than under monotonic deformation tests since
non-equilibrium vacancies and dislocations that are generated during fatigue deformation
enhance the diﬀusion of solute atoms. Another consequence of serrated ﬂow is that it
promotes localisation of plastic ﬂow, that in some cases leads to reduced fatigue life [50].
Dynamic strain ageing (DSA) is thus responsible for the increased hardening that is
observed during a cyclic low cycle fatigue test within the current parameter window. Both
the hardening within one speciﬁc loop, and the cyclic hardening (or softening) occurring
throughout the fatigue life can be aﬀected by DSA. So, apart from the serrated ﬂow, the
main eﬀect of dynamic strain ageing during low cycle fatigue testing reported in literature,
is the increased cyclic hardening in a temperature range of 250-400◦C [45, 49].
2.10 Orientation gradients and dislocation density in
pearlite
While interlamellar spacing, prior austenite grain size and other morphological features are
important when evaluating the strength of pearlite and the sensitivity of the material to
spheroidisation there are other microstructural factors that can aﬀect it, such as dislocation
density or the elements in solid solution. Local misorientations in the microstructure
is another factor that can aﬀect the spheroidisation behaviour of the material. These
are the result of a combination of the elastic strain ﬁeld, but more importantly, they
originate from the curvature of the crystal lattice that is associated with geometrically
necessary dislocation density [51]. It was found that pearlitic ferrite (and presumably the
cementite) contains a lot of orientation gradients (in contrast to the pro-eutectoid ferrite),
that suggests there is a certain density of geometrically necessary dislocations present [52].
It was concluded that in order to fully understand the mechanical properties of pearlite,
the dislocation density of the pearlitic microstructure needs to be taken into account.
With this in mind the heat treated wheel material was evaluated using EBSD technique
as it is associated with estimating dislocation density and distribution in a material, as
well as strain ﬁelds that exist in the material microstructure [53, 54].
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3 Experimental procedures
3.1 Materials
The steels studied in the present work were the ER8 and ER7 wheel steel grades and the
R260 rail grade. These materials follow the standards EN 13262-1 [12] and EN 13674-1
[17]. The actual chemical composition of the materials studied is shown in Table 3.1.
Table 3.1: Chemical composition of materials studied, in wt%
C Si Mn Mo S Cr Cu Ni V P Al N Fe
R7T 0.50 0.36 0.80 0.03 0.002 0.2 0.15 0.12 0.023 0.008 - - Bal.
R8T 0.59 0.35 0.78 0.05 0.006 0.13 - 0.17 <0.005 0.005 - - Bal.
R260 0.72 0.31 1.04 - 0.010 0.02 0.018 - <0.005 0.006 <0.002 0.006 Bal
The rim chilling heat treatment (the wheel tread and ﬂange are cooled with water
jets after austenitisation) that the wheel materials undergo during production, creates
a ﬁne-pearlitic microstructure close to the rim with a slight decrease in hardness and
strength and a slight increase in free ferrite and interlamellar spacing with increasing
depth. The rail material has no additional heat treatment after its manufacturing that
includes rolling and subsequent cooling.
The initial microstructures of these materials are shown in ﬁgure 3.1. The two wheel
steels have a similar composition with only a slight diﬀerence in carbon content. Hence
their microstructure looks almost identical. The initial microstructure consists of pearlite
(dark areas in ﬁgure 3.1a-d) and some pro-eutectoid ferrite (appearing bright in ﬁgure
3.1a-d). The diﬀerence in carbon content leads to R7T having higher free ferrite content
than the R8T. Typical interlamellar spacing of the pearlite is around 130 nm and hardness
around 270 HV for material closer to the wheel tread. These values change slightly as
we move deeper into the wheel away from the running surface. The rail material (ﬁgure
3.1c-d) has a fully pearlitic microstructure with interlamellar spacing of around 230 nm
and hardness of 290 HV.
The following investigations were done with the diﬀerent materials.
3.2 Microstructural degradation of R8T wheel mate-
rial (Papers A and B)
Change in room temperature (RT) hardness of R8T wheel material after exposure to
elevated temperatures of 250 to 650◦C was examined in the following conditions:
1. Undeformed (taken from an un-used wheel, “virgin material”).
2. After monotonic pre-straining to 6.5 % plastic strain.
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(a) (b)
(c) (d)
(e) (f)
Figure 3.1: Micrographs of the three materials(a) R7T low magniﬁcation (b) R7T high
magniﬁcation (c) R8T low magniﬁcation (d) R8T high magniﬁcation (e) R260 high
magniﬁcation and (f) R260 SEM image, very high magniﬁcation
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3. After cyclic pre-straining at Δt/2 = 1.0 % until saturation.
The degradation of the microstructure at high temperature was in focus and correlated
to the hardness change measured. Material at greater depths below the wheel tread
surface experiences slower cooling in production, which gives a decreasing hardness with
depth. To extend the validity of the results for a wider range of heat treatments, or depth
below the surface, hardness at increasing depth below the surface was measured and
correlated with microstructural parameters examined by scanning electron microscopy
and optical microscopy. Speciﬁcally, the ferrite content and lamellar spacing was measured
at diﬀerent depths (paper A). The second component of this study was to examine R8T
wheel material using EBSD technique for samples with diﬀerent heat treatments and
diﬀerent pre-strain conditions (paper B).
Tensile bars with thickness 5 mm and "dog bone" shape were taken from a virgin
R8T wheel at a depth of around 20 mm below the running surface. These bars were
pre-strained using an Instron electro-mechanic tensile machine to 6.5 % longitudinal
strain. Two extensometers were used to prove an even strain distribution. Tests were
run in strain control at a strain rate of 10−4s−1. Samples were taken from the waist of
the pre-strained bars and cut into pieces around 5× 8× 8 mm, to be used for hardness
testing and heat treatment experiments. Similar pieces were taken out from cylindrical
specimens from a depth of 15 mm below the running surface that had previously been
exposed to uniaxial push-pull low cycle fatigue experiments at room temperature; constant
strain amplitude loading at Δεt/2 = 1.0% run until failure (approximately 1300 cycles).
All specimens were ground and polished down to 1 μm diamond suspension before the
hardness measurements and heat treatments.
Vickers hardness measurements were performed in undeformed and pre-strained R8T
materials before heat treatment, using an applied load of 10 kg in a Wolpert 2RC hardness
tester. Then the samples were put in a tube furnace with a nitrogen inert atmosphere to
prevent oxidation and decarburisation. Both undeformed and pre-strained samples were
heat treated for 4, 28 and 238 minutes at various temperatures in the range 250◦C-650◦C.
After heat treatments at selected times and temperatures, new room temperature hardness
measurements were performed, again with a 10 kg load. For both measurement series,
indentations were placed randomly on the specimen surface at a distance more than twice
the diagonal length from the previous indentation. The hardness was taken as the mean
value of three indentations that were measured with an optical microscope afterwards to
decrease the error in reading.
3.3 Microstructural investigation of R8T wheel mate-
rial (Paper B and unpublished)
The R8T wheel steel was studied with light optical microscopy (OM) and scanning electron
microscopy (SEM), to evaluate the microstructure. Electron backscatter diﬀraction
(EBSD) technique was also employed, to evaluate the orientation gradients in the initial
and as-heat treated condition. The specimens were mechanically ground and polished to
0.04 μm using a colloidal silica suspension. Etching was done using Nital (3 % HNO3 in
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ethanol) to gain some topographical contrast and thus be able to map regions of interest.
The high resolution micrographs and the EBSD measurements were carried out in a LEO
1550 high resolution ﬁeld emission scanning electron microscope (FEG-SEM). The system
was equipped with an EBSD detector (Nordlys, Oxford instruments), a high speed camera
for EBSD pattern recording and software for crystal orientation mapping (AztecHKL).
The samples were tilted to have their normal 70◦ to the incident beam and the SEM was
operating at an accelerating voltage of 20 kV. Crystallographic orientation maps were
taken on the pearlite colonies as well as on the pro-eutectoid ferrite with a step size of 130
nm which is around the interlamellar spacing of the pearlite in this material. The EBSD
patterns of the pearlitic cementite were of insuﬃcient quality and were thus omitted from
the analysis.
Using a large number of SEM images of R8T wheel material and processing them with
Matlab, image analysis was performed to quantify the amount of pearlite spheroidisation
at the various temperatures examined. For this analysis, 150 SEM images per sample
were taken. The ﬁrst step in the analysis is the segmentation; to determine what is
cementite and what is ferrite. First, a median ﬁlter was applied to the image. This was
done to reduce the salt-and-pepper noise of the image. Then the contrast of the image
was improved, using one of Matlab’s built in- functions (imadjust).The image can now
be made binary where the levels 0 and 1 correspond to black and white. To disconnect
regions connected with just a few pixels, an opening ﬁlter was applied. Very small regions
(fewer than 10 pixels) were then removed. Possible holes in the white regions were also
ﬁlled.
A theoretical value of cementite was calculated using the lever rule [55]:
V =
C0 − Ca
CFe3C − Ca
(3.1)
where CFe3C is the content of carbon of the cementite (6.67 wt.% C), Ca is the carbon
content of ferrite (0.02 wt.% C) and C0 is the carbon content of the R8T wheel steel of
our investigation. So the expected volume fraction of cementite is 8.1 % in this case. Due
to several reasons, one being the observed angle of the pearlitic plates, the cementite area
will be overestimated in the images most of the time. To deal partly with this problem,
the cementite regions were “thinned” using the respective matlab function. The result of
each step is visualised in ﬁgure 3.2.
Figure 3.2: Image processing example: a) original image b) Noise removal and contrast
enhancement c) Image made binary d) Final image obtained as described in text
To discriminate lamellar from globular regions, one has to deﬁne simple rules and
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characterise the regions individually. Chattopadhyay and Sellars [56] propose that the
discrimination should be based on the length over width ratio of the regions; Regions
should be considered as globular if the length over width ratio is lower than 8. To be able
to separate lamellae from spheroids with this criterion, the length and width of every
region has to be measured. According to Nutal [57], the most eﬃcient and accurate way
to generalise the shape of a region is to assume the shape as ribbon-like. Following this
method, the length (L) and width (W) of each region can be estimated using:
L =
1
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2
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⎞
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where P and A are the perimeter and area of each region. First calculated in pixels
and then converted to actual distance using the scale bar that exists on every SEM image.
Using this method, the length over width ratio could be calculated and the regions could
be characterised as lamellar or globular (ﬁgure 3.3).
Figure 3.3: Image discrimination: a) Segmented image obtained as described in text, all
regions included b) Lamellar regions c) Globular regions
Using the above method the total percentage of cementite and both quantities of
globular and lamellar cementite can be calculated.
3.4 Elevated temperature behaviour of R7T wheel ma-
terial (Papers A and E)
An attempt was made to complement the picture from literature of mechanical behaviour
of R7T wheel material exposed to cyclic plastic deformation at elevated temperatures.
This was accomplished by:
1. Uniaxial strain-controlled low cycle fatigue (LCF) behaviour at elevated temperatures
250◦C-600◦C and including hold times during which stress relaxation could be studied
(paper A).
2. Load controlled ratcheting experiments with mean stress included at elevated
temperatures 200◦C-500◦C (paper E).
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3. Biaxial strain-controlled low cycle fatigue behaviour at elevated temperatures 200◦C-
400◦C (paper E).
All tests were performed on material from virgin wheels of the R7T material and
samples were taken out from the wheel rims parallel to the running direction, at a depth
of approximately 15-20 mm below the running surface.
For the uniaxial LCF tests, cylindrical test bars with gauge diameter 6 mm were
produced and ground to 800 grit. Low cycle fatigue tests were run in an Instron servo-
hydraulic test frame in strain control. Tests were run at constant total strain amplitude
Δεt/2 of 0.6 % with triangular wave shape at R = −1 and strain rate 5× 10−3s−1 giving
a cycle time of 4.8 s. (Tests with Δεt/2 = 0.4 % and Δεt/2 = 1.0 % were also run
under the same conditions, but are not focused on in this thesis). Peak/trough values
were recorded for every cycle, and full hysteresis loops were recorded for the initial 25
cycles and thereafter regularly during the whole lifetime. Several tests were run with
hold periods repeating every 500 cycles. These hold periods had a duration of 30 min,
and the stress relaxation under constant compressive strain of -0.6 % was recorded. The
test durations varied between 4 and 8 h depending on temperature. The machine was
equipped with a furnace to perform isothermal tests at elevated temperatures from 250◦C
to 600◦C without atmosphere control. Specimens were ﬁrst mounted in the grips, the
furnace was sealed with insulation wool and heated until the temperature of the specimen
became stable at the desired level. All tests were run under constant temperature until
failure.
Similar bars were also used for the ratcheting experiments. These were run with a
mean stress and stress amplitude of 100± 500 MPa at elevated temperatures of 200◦C,
300◦C, 400◦C and 500◦C. The hold times were replaced in these tests for 15 faster cycles
that were run at a rate of 5 Hz, with 85 cycles run at 0.5 Hz in between. The reason for
limiting the number of rapid cycles is to avoid excessive heating. Due to the loops being
unclosed in each cycle the ratcheting strain ε is deﬁned as the average maximum and
minimum strain in each cycle as in:
ε =
1
2
(εmax + εmin) (3.3)
Lastly, for the biaxial experiments that were done, test bars were taken 20 mm below
the running surface as shown in ﬁgure 3.4. These bars were then turned between centers
into cylindrical bars to the desired dimensions and thereafter drilled to create thin-walled
fatigue test bars. The bars were larger in dimensions than the previously used ones,
with 14 mm outer gauge section diameter and 12 mm inner. Care was taken during the
machining process to achieve a very smooth inner and outer surface, so that minimal
grinding and polishing would be needed afterwards. The bars were then ground and
polished on their outer surface in a few steps, using 1200 to 4000-grit paper, and a mirror
like ﬁnish was obtained on the outside surface.
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Figure 3.4: Wheel rim cross section. The sketch describes how samples were extracted 
from the wheel for manufacturing of thin walled test bars (in mm). All bars were taken 
approximately 20mm below the running surface
3.5 Microstructural characterisation of R260 rail ma-
terial (Papers C and D)
For the R260 rail material, focus was on comparison of deformed test bars in the lab
versus ﬁeld samples (paper C). Hardness distribution, ﬂow lines and pearlite orientation
were measured. Subsequent characterisation of the microstructure included Transmission
Electron Microscopy (TEM), to measure the microstructural parameters: interlamellar
spacing, ferrite lamellae thickness and dislocation density. These were then used to
evaluate the strength of the material at various shear strain levels.
In order to have an even material quality (microstructure), two symmetrically posi-
tioned samples from the rail corners were extracted from virgin rail heads, as shown in
ﬁgure 3.5, with the distance below rail surface to be kept as low as possible and a centre
line depth of around 15 mm. Hardness of such rail head from a previous examination is
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also shown. The test bars used for predeformation were turned between centers to the
dimensions in ﬁgure 3.6. The predeformation experiments of the test bars used have been
further described in [3].
Figure 3.5: Extraction of R260 test bars
Figure 3.6: Geometry of R260 test bars (in mm)
Rail pieces (Rail A and Rail B) were taken at two locations along the main railway
line in Sweden, between Stockholm and Gothenburg, in the region Jonsered Östra. The
rails have been subjected to the similar mixed traﬃc conditions, with one main direction
due to the double tracks. Two positions are considered for each rail, at the top and at the
gauge corner, according to ﬁgure 3.7.
Three diﬀerent methods are used to characterise the material and its microstructure:
First, hardness measurements are used to evaluate the local inelastic material behaviour
at diﬀerent depths in the rails. Secondly, shear lines are used to quantify the amount of
accumulated shear. Finally, the microstructural deformation state can be quantiﬁed by
evaluating the orientation distribution of the cementite lamellae.
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a) 90◦ samples.
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b) 45◦ samples.
Figure 3.7: Samples extracted from the top of the rail (T) and gauge corner (G) with
two orientations with respect to the rail longitudinal direction. The orange coloured sides
denote the surfaces studied.
Both the Vickers and the Knoop method were used to evaluate the material hardness.
Due to the strong gradients close to the surface, the Knoop method was chosen with a
10 g load (HK0.01), as this allowed for closer spaced indents with a suﬃcient size for
optical measurement. These measurements were conducted on an Struers DuraScan 70
hardness machine, using a 60× objective lens. A global hardness map of the rail was
obtained using a Vickers hardness indenter with a 10 kg load (HV10). During the second
study of R260 (paper D), microhardness measurements on the test bar sample were done
using Vickers 500 g load (HV0.5).
Transmission electron microscopy (TEM) was used to measure the microstructural
parameters of the R260 material, after it was deformed in a biaxial machine with the
aim to corelate them with various levels of shear strain (paper D). Standard grinding
and electro-polishing (10 % perchloric acid in ethanol) procedures were used to prepare
specimens for investigation in a JEOL 2000FX TEM. The interlamellar spacing (ILS),
and ferrite and cementite lamellar thickness were measured. For each sample, data was
collected from 30 measurements on randomly chosen areas. Dislocation conﬁgurations
and densities were examined using the TEM at 200 kV. The dislocation density was
determined by the line intersection method applied to TEM micrographs.
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4 Results
This section presents a selection of the main results and analysis, for the performed
experiments.
4.1 Microstructural degradation of R8T wheel mate-
rial (Paper A)
The results of this section are described in detail in paper A. The eﬀect of the heat
treatments is shown in ﬁgure 4.1. The initial hardness value for the virgin material, also
called “undeformed” R8T is around 260 HV10 (ﬁgure 4.1a), around 274 HV10 for the
monotonically strained condition (ﬁgure 4.1b) and around 309 HV10 for the cyclically
strained R8T (ﬁgure 4.1c).
(a) (b)
(c)
Figure 4.1: Hardness change after heat treatments of R8T material for (a) undeformed
(b) monotonically strained and (c) cyclically strained
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From ﬁgures 4.1a-b it is clear that a hardening process is taking place around 300◦C
for the undeformed and the monotonically strained materials whereas for the cyclically
strained material (ﬁgure 4.1c), this is less obvious. The main reason behind this hardening
is strain ageing. When the material is monotonically strained and then annealed, static
strain ageing gives a higher hardening contribution compared to the undeformed, because
of its larger dislocation density. The dislocations in the cyclically strained material
are possibly annihilated during annealing. This would counteract the eﬀect of static
strain ageing, thus showing a lower hardening eﬀect. The hardening seems to be more
pronounced when the material is subjected to 28 min heat treatments in the cases of
virgin and monotonically strained material. At temperatures above 350◦C, increasing
softening occurs for all three time durations. For the temperature range 400-450°C,
both of the above conditions have lost a few percent in hardness, whereas the cyclically
strained material undergoes severe softening in this temperature range. After 500◦C severe
softening for all conditions is observed. It can be concluded from the above observations,
that exposure to high temperatures has a large inﬂuence on the hardness of the material.
The above results indicate that cyclic plastic deformation combined with exposure to high
temperatures, for example after excessive braking in train operation, will have a great
impact on the mechanical properties of the material.
The initial microstructure of R8T is shown in ﬁgure 4.2.
(a) (b)
Figure 4.2: SEM microstructural overview of the undeformed R8T at two magniﬁcations
The interlamellar spacing was calculated at three diﬀerent depths using such SEM
micrographs. The mean true interlamellar spacing values along with the standard devia-
tions appear on table 4.1. It is clear that the spacing is ﬁner close to the surface and gets
coarser as we move further down from the surface of the wheel. One would expect the
R8T with the higher carbon content to have a ﬁner spacing [31], but cooling rates could
have stronger eﬀect.
The ferrite content is shown in ﬁgure 4.3. It increases from 8.2 at 20 mm depth up to
12.2 vol.% at 60 mm depth for R8T and correspondingly from 11.3 to 14.4 vol.% for R7T.
Table 4.2 shows the hardness measurements at the three depths. It is clear that the
material softens with increasing depth since the free ferrite content increases and the
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Table 4.1: Mean true interlamellar spacing (nm)
Depth(mm) R8T St. deviation R7T St. deviation
20 132 5.6 125 8.7
40 145 9.5 134 4.1
60 157 8.7 146 12.8
Figure 4.3: Ferrite content with increasing wheel depth
interlamellar spacing increases. R8T has slightly higher hardness than R7T as expected.
An unexpectedly high hardness value for R7T at 60 mm depth was measured, but is
thought to be due to measurement inaccuracy and sampling combined with a larger
standard deviation in the R7T interlamellar spacing at 60 mm depth.
The SEM investigation of the undeformed R8T material, after the annealing treatments,
showed that the pearlite lamellas start to break up around 450°C (ﬁgure 4.4) with a
more pronounced eﬀect for longer durations. This could explain the small drop in
hardness as seen in ﬁgure 4.1a. The same degree of spheroidisation happens earlier for
the monotonically strained material at around 400°C. It appears that pre-deformation of
the material has an eﬀect on the microstructure degradation.
Higher temperatures and longer times allow for stronger spheroidisation which corre-
lates to the increasing drop in hardness. It is shown in ﬁgure 4.5 that severe spheroidisation
is taking place for temperatures above 500°C. Similar results were obtained for the cycli-
cally strained R8T material.
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Table 4.2: Hardness with increasing depth
Hardness (HV10)
Depth (mm) R8T R7T
20 268 266
40 254 252
60 242 253
(a) (b)
Figure 4.4: SEM micrographs of the R8T material heat treated for 238 min (a) undeformed,
heat treated at 450°C and (b) monotonically strained, heat treated at 400°C
(a) (b)
Figure 4.5: SEM micrographs of the monotonically strained R8T heat treated for 238 min
at (a) 500°C and (b) 600°C
It is obvious from these micrographs that the combined inﬂuence of plastic deformation
and thermal exposure causes a degradation of the microstructure. First the lamellas break
up from the deformation and the heat treatment and then through further coarsening,
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spheroidisation of the cementite particles occurs. This in turn causes the decrease in room
temperature hardness that is observed, which becomes more severe for larger durations
and higher temperatures.
4.2 Elevated temperature behaviour of R7T wheel ma-
terial (Papers A and E)
To complement the above hardness measurements with behaviour at elevated temperatures,
diﬀerent fatigue tests were performed on R7T. These are described in papers A and E.
Initially uniaxial low cycle fatigue tests at elevated temperatures were done (paper
A). These experiments showed the strong inﬂuence of temperature on the peak stress
development, see ﬁgure 4.6 (the equivalent graph with the trough stress development
during the compressive segments of the test shows very similar results with the lines
mirrored towards the negative values).
(a) (b)
Figure 4.6: Peak stress development in the interval 250-600°C with a room temperature
curve also reported for reference
At 300°C, there is a strong initial hardening that decreases to slight hardening during
the remainder of the fatigue life (seen in the range 10–80 % of the fatigue life, thereafter
major cracks inﬂuence the stresses registered). The mechanism behind this hardening is
dynamic strain ageing, with locking of dislocations by interstitials [49]. To examine the
temperature range where DSA is active more closely, complementary tests at temperatures
from 250°C to 400°C were done. At 250°C, the hardening is even greater than at 300°C
and it appears later in the fatigue life. At 350°C, thermal softening, i.e increased mobility
of dislocation following increased thermal activation, sets in and at 400°C this mechanism
dominates, giving lower peak stresses with time, as compared to the room temperature
behaviour seen in ﬁgure 4.6a. At the two higher temperatures, 500°C and 600°C, the
material exhibits considerably lower peak stresses and cyclically softens during the fatigue
life, as a result of combined thermal softening and microstructural degradation. These
results agree with the loss in room temperature hardness due to microstructure degradation
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(spheroidisation) giving severe softening after exposure to higher temperatures.
In ﬁgure 4.7, cyclic stress-strain curves from the ratcheting tests are shown for each
temperature (engineering stress-strain). After the ﬁrst few cycles a constant ratcheting
rate is reached until the end of the test for all temperatures. At 300◦C, the material
exhibits the lowest strain out of the four temperatures examined. Half of the ﬁnal racheting
strain is reached already in the ﬁrst cycle, thereafter dynamic strain ageing contributes to
hardening, that limits the ratcheting rate. This was also observed in previous work of the
authors for strain controlled cyclic tests at this temperature [58]. The highest strains are
achieved for the two higher temperatures.
(a) (b)
(c) (d)
Figure 4.7: Stress-strain curves of uniaxial ratcheting tests at elevated temperature
The fatigue life of the test bars was evaluated for each temperature and it is shown
in ﬁgure 4.8. At 300◦C, the material exhibits the longest fatigue life, whereas at higher
temperatures where thermal softening takes place, the fatigue life decreases rapidly.
The equivalent von Mises peak stress development is shown in ﬁgure 4.9. All conditions
exhibit a very rapid initial hardening within the ﬁrst one or two cycles of the test.
After that, a diﬀerentiation in behaviour occurs depending on the temperature. At
room temperature, there is little further hardening after the initial cycles. At 300◦C, a
continuous hardening can be seen throughout the fatigue life, however with a decreasing
rate. At 0.6 % the slope in the log(N) plot is constant until failure, whereas at 1.0
% there is a saturation and then decrease in peak stress before failure. At 200◦C the
behaviour is similar, but with a lower rate of hardening and lower stress levels. At 400◦C
a slight variation in peak stress levels between each cycle is observed, with some very
slight hardening through the fatigue life and softening towards the end. The cycle to cycle
variation visible at the higher temperatures is thought to result from the temperature
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Figure 4.8: Fatigue life, represented as number of cycles to failure, Nf, of ratcheting tests
at the four temperatures tested
control, since no thermal strain compensation was applied. The total strain control thus
imposed a slightly varying mechanical strain amplitude. Generally fatigue life is much
shorter for the tests run at 1.0 % strain amplitude.
(a) (b)
Figure 4.9: von Mises peak stress development for the various temperatures tested versus
the fatigue life. Strain amplitude of (a) 0.6 % , and (b) 1.0 %.
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4.3 Quantiﬁcation of spheroidisation (Unpublished)
The study in this section does not appear on any appended paper. As observed in the
micrographs above, not all areas of the microstructure gets spheroidised at the same time.
Some areas remain intact even after the longest duration in the furnace. In an attempt to
quantify the amount of spheroidisation, a small scale study was initiated with the focus
to create a Matlab script to perform image processing in SEM images to quantify the
spheroidisation, as described in the experimental section of this thesis. A typical image
after processing appears in in ﬁgure 4.10.
(a) (b)
Figure 4.10: Visual result of the script developed. Original image on the left, processed
image on the right (red regions are lamellar cementite deﬁned as L/W>8, green are
globular).
For this classiﬁcation, an aspect ratio larger than 8 was used, L/W>8. Regions above
8 are considered lamellar cementite (shown in red) and regions below 8 are considered
globular (shown in green). After analysing the SEM images as shown above, the program
gives the calculation of the total cementite fraction, and the relative content of globular
and lamellar structure. Total cementite fraction ranges from around 15 % after heat
treatment at 250°C to 9 % after annealing at 650°C, which is closer to the theoretical
value of 8.1 % calculated in section 3.3. This is because of the angle at which the lamellae
are observed in the 2D sections, meaning their thickness is overestimated. This is why
thinning is employed. The idea behind the thinning of the cementite regions is to reduce
the area of the regions, since it is hitherto overestimated. This overestimation is more
pronounced in fully lamellar cementite. The more the material spheroidises, the less the
overestimation, leading us close to the expected value. The thinning is currently done
statically (same thinning for all images of a set); the program is set to morphologically thin
the regions once. To get an accurate result, it would be preferable to do this in an adaptive
way. Ideally, the thinning procedure should be done so that the measured cementite
percent in the image matches the nominal value. There are also some mis-classiﬁcations
in some of the images as seen in ﬁgure 4.10. These are usually very few and many images
per sample are used to avoid these few errors aﬀecting the overall calculation.
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The trend of the cementite spheroidisation and the amounts of globular and lamellar
cementite at various temperatures can be seen in ﬁgure 4.11.
(a) (b)
Figure 4.11: Cementite spheroidisation for diﬀerent temperatures for pre-strained and
undeformed material
As it is shown in ﬁgure 4.11, pre-straining seems to make the spheroidisation more
pronounced compared to the undeformed material. It is clear that spheroidisation reaches
around 80 % for the pre-strained material and 70 % for the undeformed, when the
samples were heat treated at 650°C. Overall the trends seem reasonable as with increasing
temperature, more material starts spheroidising.
4.4 EBSD analysis (paper B and unpublished)
This section includes an extended selection of results, part of which appear in paper B.
Wheel material R8T was examined in this EBSD analysis. As a reference, an undeformed
specimen was examined to evaluate the initial state of the material microstructure after
production. A random area was selected without taking into account any speciﬁc pearlite
colony or other microstructural features. The grain boundaries map along with the kernel
average misorientation map is shown in ﬁgure 4.12. One can observe from these that a lot
of sub-grain boundaries exist (showing as red lines on grain boundary maps), along with a
strong local misorientation that suggests a very high dislocation density is present in the
initial microstructure that is contributing to the material’s initial mechanical properties.
In ﬁgure 4.13, an SEM micrograph along with the inverse pole ﬁgure map is shown for
R8T after annealing at 300°C.
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(a) (b)
Figure 4.12: Microstructural mapping of undeformed R8T material at room temperature
using the grain boundary plot with red lines for low angle boundaries(LAB) between
2-10° and black lines for high angle boundaries >10° (HAB) (a) and Kernel average
misorientation map (b) using orientations up to 2nd neighbour shell.
(a) (b)
Figure 4.13: Microstructure of undeformed R8T material after annealing at 300°C using
the forescatter detector (left) and texture mapping using the inverse pole ﬁgure (IPF)
colour code of the crystallographic normal vector (right)
Pearlite colonies appear to have orientation gradients as reported in literature, while
pro-eutectoid ferrite grains are shown with a single colour and thus a single orientation.
The grain boundaries and KAM for this condition are shown in ﬁgure 4.14. No apparent
microstructural degration takes place at this temperature, but it is clear that dislocation
density has dropped signiﬁcantly after annealing. Ferrite grains that appear mostly blue
in the KAM plot seem to have no sub-grain boundaries and most of these low angle
boundaries are concentrated in the pearlitic colonies.
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(a) (b)
Figure 4.14: Microstructural mapping of undeformed R8T material after annealing at
300°C using the grain boundary plot with red lines for LAB between 2-10° and black lines
for HAB >10° (left) and Kernel average misorientation map (right) using orientations up
to 2nd neighbour shell
When annealing at even higher temperatures at 500°C spheroidization starts to occur.
In ﬁgure 4.15, a micrograph of this temperature is shown with an IPF map. Spheroidised
colonies appear to start losing the previous orientation gradients seen in the pearlite
colonies (c.f ﬁgure 4.13b). Ferrite grains appear with no local misorientation (blue colour)
in the undeformed material KAM maps, whereas in the pre-strained they seem to have
some degree of misorientation and larger part of the ﬁeld of view is showing as green.
One possibility is, since pre-straining makes the material more prone to spheroidisation
as shown previously from the heat treatments, cementite carbon might be diﬀusing from
previous pearlite colonies to the pro-eutectoid ferrite grains and precipitate there. This is
still under evaluation and further analysis of the results is necessary.
(a) (b)
Figure 4.15: Microstructure of undeformed R8T material after annealing at 500°C (left)
and texture mapping using the inverse pole ﬁgure (IPF) colour code of the crystallographic
normal vector (right)
The same investigation was also performed for the monotonically strained R8T. A
31
comparison of the grain boundary and KAM maps between the two conditions for various
temperatures is shown in tables 4.3 and 4.4, that will allow for some better overview and
comparison. All the samples appearing in tables 4.3 and tables 4.4 were heat treated for 4
hours. The prestrained material seems to have a higher number of subgrain boundaries that
don’t seem to anneal as fast as the undeformed material, even at the higher temperatures.
Table 4.3: Grain boundary maps comparison between undeformed and monotonically
strained R8T at various temperatures (red lines for LAB between 2-10° and black lines
for HAB >10°), scaling as in ﬁgures 4.12, 4.14
300°C 500°C 650°C
Undeformed
Monotonically
strained
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Table 4.4: Kernel average misorientation maps comparison between undeformed and
monotonically strained R8T at various temperatures, colour scale and scaling as in ﬁgures
4.12, 4.14
300°C 500°C 650°C
Undeformed
Monotonically
strained
4.5 Comparison between biaxially deformed R260 and
ﬁeld samples (paper C)
The results in this section are part of paper C. Hardness indents are made on one disc
from each bar, in a radial pattern with 8 points for each radius. The results from this
are shown in ﬁgure 4.16. The diﬀerences between the bars show a spread of about 20
HV1, and a fairly linear increase of hardness with radius is obtained. Extrapolating to
the centre of the bars gives a centre hardness of between 280 and 300, while a maximum
hardness of about 360 is obtained close to the surface.
As previously mentioned, the critical area for RCF in rails is the surface region close
to the running band. We therefore consider the hardness variation with depth for the two
analysed regions, the gauge corner (G) and the top of the railhead (T) in ﬁgure 4.17. The
average hardness and standard deviation at a radius of 4.5 mm and outwards of the test
bar B1, based on 64 indents, are also given for comparison.
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Figure 4.16: Hardness variation between test bars subjected to the same loading. The three
bars used are named as B1-B3
Figure 4.17: Hardness depth variation, ﬁlled region indicate ± one standard deviation
For all rail samples, the Knoop hardness values close to the surface are approximately
550, and show a steep gradient during the ﬁrst 100 μm. The hardness deeper into the
rail is at about 400 at 1 mm for all samples except the gauge corner of Rail A. For this
sample the interior hardness is lower, and the gradient is very steep within the ﬁrst 60
μm. For the other samples, their hardness at about 100 μm corresponds to the hardness
of the B1 bar.
The next method of comparison was the shear line method. Four of the investigated
rail samples show very distinct shear lines, see ﬁgure 4.18.
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200 μm
Figure 4.18: The deformed surface layer of Rail B at the gauge corner (45°)
The ﬂow lines are most distinct from about 30 μm down to about 100 μm. Closer
to the surface the lines are diﬃcult to identify in some cases, and some waviness can be
observed as a consequence of local ﬂow variations. Deeper into the rail, the lines are also
less identiﬁable and are mostly determined by the elongation of the grains. The calculated
shear measure γ is shown in ﬁgure 4.19, where the measurements from the ﬁrst 10 μm
have been excluded due to the large uncertainties in these measurements.
Figure 4.19: Shear measure γ, excluding the ﬁrst 10 μm
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The span of the measured average shear in the bars B1-B3 is collected in the grey
band in ﬁgure 4.19. The shear in the test bars is equivalent to the strain levels at a depth
of 0.07 mm for the majority of the rail samples with visible shear lines. The ﬁgure also
shows that the spread between the test bars is much smaller than the variation between
the rails.
Finally, the last measure was to analyse lamella orientation in the test bars and ﬁeld
samples. Both mean lamella angles and distribution were evaluated. For the rail shown in
ﬁgure 4.18, the lamella orientation is plotted at diﬀerent depths in ﬁgure 4.20. The dashed
line shows the average lamella orientation of the predeformed test bars for comparison.
Figure 4.20: Orientation of lamellae of Rail B at the gauge corner (45°)
The heavily sheared microstructure as indicated with the ﬂow lines is also apparent in
the lamella orientation distributions with a very sharp peak closer to the surface. The
average orientation angle increases with increasing depth and the distribution becomes
more uniform.
4.6 R260 evaluation of local strength (paper D)
Below are results taken from paper D. Samples for characterisation were extracted from
test bars that were deformed in a biaxial machine using torsion-compression as described
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in the previous section. Depending on the position of the sample in these test bars,
diﬀerent shear strain levels were calculated. A surface pattern consisting of a regular grid
was imprinted on the specimens before the test, and the angle between these lines was
then used to compute the shear strain of the test bars at diﬀerent positions according to
the following formula:
γ =
tan(90− θ)
R
r (4.1)
where θ is the angle measured at the outer surface of the test bars (see ﬁgure 4.21), r
is the radius measured from the centre line of the bars and R is the ﬁnal radius of the
test bars after the end of the pre-deformation procedure. With this, 5 shear strain levels
are selected from 0 to 1.6.
Figure 4.21: Calculation of shear strain from outer surface of a test bar. Parallel lines are
engraved on the test bar surface in a grid pattern before the deformation experiment (a)
and the angle that is formed after the bars have been twisted is measured (b) Measurement
is performed using a stereomicroscope (c)
The initial pearlitic microstructure consists of alternating ferrite and cementite lamellae
as shown in ﬁgure 4.22. The initial ILS, thickness of ferrite and cementite lamellae are
233± 39 nm, 193± 30 nm and 40± 6.5 nm, respectively. The black arrows in the ﬁgure
also show the dislocation structures in the ferrite lamellae, and the average size of a
pearlite colony is around 8μm.
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Figure 4.22: Initial pearlitic microstructure with alternating ferrite and cementite lamellae
where the black arrows show examples of dislocations in the ferrite lamellae
By using such TEM microgaphs, the dislocation density was measured using the line
intercept method. In the pearlitic steel with alternating ferrite and cementite lamellae,
the deformation including yielding and plastic ﬂow is largely controlled by processes
occurring in ferrite, where the slip initially takes place in the ferrite lamellae, and then
is transferred into the cementite lamellae [59]. Figure 4.23 shows the dislocations in the
ferrite lamellae in the initial structure, with a dislocation density of 6×1013 m−2. The
random dislocation lines can be observed as a result of the phase transformation and
many bulging-out dislocations can be observed from the ferrite/cementite interfaces which
may have its cause in the elastic incompatibility stresses between the two phases [60, 61,
35, 62].
Figure 4.23: TEM micrograph of the initial sample and a sketch of the dislocation structure
in the ferrite lamellae
The dislocation density and hardness are plotted in ﬁgure 4.24 versus the shear strain,
showing an almost linear relationship.
38
(a) (b)
Figure 4.24: (a) Dislocation density in the ferrite lamellae versus the shear strain. The
error bar shows the standard deviation and is determined using the values from around 30
areas(b) Hardness with increasing shear strain
Using hardness measurements and the microstructural parameters (such as dislocation
density, interlamellar spacing, etc) the ﬂow stresses were calculated using formulas that
are described in detail in paper [63]. These are plotted versus the shear strain in ﬁgure
4.25
39
Figure 4.25: The calculated and measured ﬂow stress increases from microstructural
parameters and microhardness versus the shear strain, respectively
A good agreement can be observed between the calculated ﬂow stress increase, quanti-
ﬁed from structural parameters and the ﬂow stress increase from microhardness measure-
ment.
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5 Conclusions and future work
The eﬀect of combined thermal and mechanical loadings on the mechanical behaviour
of near-pearlitic railway wheel steels was evaluated. The two materials R8T and R7T
exhibit a slight diﬀerence in carbon content and may show a slight diﬀerence in hardness
but otherwise behave similarly. The hardness tests performed at room temperature isolate
the eﬀect of microstructural degradation, while the elevated temperature low cycle fatigue
tests shows the combined inﬂuence of microstructural degeneration and thermal softening
due to increased thermal activation at higher temperatures.
Annealing treatments of R8T and evaluation of cyclic mechanical properties of R7T
allowed for the following conclusions.
• The room temperature hardness increase after annealing at around 300°C is evident
for both un-deformed and monotonically strained conditions. It is more pronounced
in the monotonically strained material despite the higher starting level. After
annealing above 350°C room temperature hardness does not change much, until
500°C. Decrease in hardness at 500°C was around 5 % for both conditions, and
reached almost 22 % at 650°C for the monotonically strained material. The cyclically
strained material softens at all temperatures, and reaches 30 % decrease after
annealing at 600°C, 238 min.
• Hardening was also observed during the low cycle fatigue tests performed around
300°C due to dynamic strain ageing. Cyclic hardening starts rather strongly in the
beginning of the fatigue life and then continues with a decreasing rate. At 500°C,
cyclic softening can be observed during the entire fatigue life. Hold times showed
that the material exhibits stress relaxation due to viscous eﬀects from temperatures
around 250–300°C, increasing strongly with temperature. The inﬂuence of hold
times on the stress-strain loop during further cycling is small.
• Large inﬂuence of temperature was observed on the ratcheting behaviour of R7T
material. At 300◦C, the lowest ﬁnal ratcheting strain is achieved among the four
temperatures tested, due to DSA induced hardening. Fatigue life in the ratcheting
tests is longest for the test run at 300◦C, while it drops to very low number of cycles
to failure at the higher temperatures due to severe softening.
• All biaxial tests exhibit the same initial hardening within the ﬁrst one or two cycles,
but then their behaviour diﬀerentiates depending on temperature.Biaxial loading
gives much higher strain hardening when compared to uniaxial with the maximum
value reaching almost 28 % and an average of 22 % in the testing conditions
examined.
• Fatigue life of R7T material is much decreased when the material is subjected to
biaxial non proportional loading for comparable equivalent strain amplitudes.
• After heat treatments, the microstructure evaluations showed that pearlite lamellae
in the un-deformed R8T material start to break up around 450°C, with more
pronounced eﬀect for longer heat treatment durations and higher temperatures.
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Pearlite lamellae begin to break up earlier for both pre-strained states at around
400°C. Some regions remain seemingly unaﬀected by temperature, and deformation
localised to certain colonies and free ferrite could be a possible explanation.
• Interlamellar spacing as well as free ferrite content has been measured and found
to increase with increasing depth below the running surface of the wheel for both
materials studied. As a result of the above, hardness values decrease gradually
with increasing depth below the running surface. During the life cycle of a wheel,
maintenance such as re-proﬁling by wheel turning is performed at regular intervals.
This means that the hardness of the new surface will be slightly lower than the
initial state due to the hardness gradient. However, during run-in, the surface will
work harden and residual stresses develop increasing the strength of the surface
layer. Based on the observations above and literature on near pearlitic steels, it is
believed that the results and conclusions made above are valid not only for the virgin
surface region, but through the depth of the wheel tread exposed to mechanical and
thermal loads during the wheel’s service life.
• Image processing seems very promising for estimating the degree of spheroidisation
using SEM images. Further work in implementation and veriﬁcation is needed to
make the method robust.
• Increasing temperature leads to a larger fraction of the material being spheroidised
with spheroidisation reaching almost 80 % at 650°C for the prestrained R8T and
70 % for the undeformed R8T (spheroidisation deﬁned as aspect ratio of cementite
particles L/W>8).
From the EBSD analysis it can be seen that:
• Large pearlite colonies appear to have orientation gradients due to the initial
formation of the pearlite while ferrite grains have a more uniform orientation.
• Spheroidised pearlite colonies appear to obtain a more uniform orientation mostly
containing low angle boundaries after spheroidisation.
• Large initial orientation gradients are present in the material in its undeformed
state. These are reduced with increasing annealing temperature (drops already at
300°C). Orientation gradients remain rather stable for monotonically strained R8T.
Surface layers of rails are subjected to very high rolling contact loads. These lead to
accumulation of large shear strains close to the running surface. With this in mind an
attempt to create such shear strains artiﬁcially was made and subsequent characterisation
of this microstructure was performed. The R260 material investigations showed that:
• The predeformation methodology produces a material with repeatable microstructure
and properties.
• The rail ﬁeld samples show large variability both between the diﬀerent sample
locations on the rail proﬁle, as well as between the rail piece extraction sites.
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• The predeformation methodology is able to produce a material that falls within the
scatter of the properties seen from the ﬁeld samples, particularly for the locations
that show accumulation of large shear strains.
• The interlamellar spacing, and the thickness of ferrite and cementite lamellae
decrease very slowly with the increase of shear strain up to around 1.2, after which
a faster decrease has been observed.
• The dislocation structure changes from single, straight dislocation lines and dis-
location loops from ferrite/cementite interfaces in the initial state, to dislocation
tangles at the highest shear strains. The dislocation density increases from 6×1013
m−2 in the initial state to 5.3×1014 m−2 at a shear strain of 1.63. This increase
of dislocation density is the key factor behind the increase of local hardness/ﬂow
stress with shear strain.
• Good agreement has been found between the calculated ﬂow stress increase quantiﬁed
from structural parameters and the ﬂow stress increase from microhardness measure-
ment, which is underpinned by a discussion of the two strengthening mechanisms in
∼200 nm lamellar structures.
In addition to the studies and conclusions mentioned above the next logical step when
it comes to mechanical testing of these materials could be thermo-mechanical fatigue
testing. Having the ability to change temperature within a test would give a better
approximation of heating phenomena as they occur in the actual application. It would be
possible to see how properties are retained at lower and higher temperatures. These could
then be correlated with simulation studies involving heating and cooling transitions.
Another interesting aspect with the above knowledge of material behaviour at high
temperatures would be to investigate relevant railway practices such as welding or grinding.
These induce local heating and phase transformations as well.
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